Abstract: Hollow core photonic band gap fibers have great potential in low latency data transmission and power delivery applications, but they are currently only fabricated in research scale fabrication facilities, with km-scale lengths. To drive cost reduction and volume manufacturing it is essential to be able to upscale the preform size, but before embarking on costly experimental attempts it is useful to apply fluid dynamics models to study how the fiber drawing dynamics would be affected by such a change. In this work we use a fluid dynamics model to virtually draw increasingly longer lengths of the same fiber from preforms of identical length but different diameters. Taking advantage of our fast numerical model we explore the physical dynamics of the draw process. We discover that the draw tension is the key thermodynamic parameter and that an upper length limit exists beyond which undesirable distortions in the microstructure become difficult to control. These mechanisms are identified and possible mitigation methods described which could allow the fabrication of over 200 km fiber from a single preform. 
Introduction
Hollow core photonic band gap fibers (HC-PBGFs) have ultra low non-linearity [1] , low latency [2] and potential for ultralow loss [3, 4] , which make them potential contenders for some data transmission applications, as well as excellent candidates for gas sensing and metrology applications requiring compact gas cells with a large overlap between light and gas.
To date HC-PBGFs have been the subject of extensive research focusing, amongst others, on loss reduction, bandwidth optimization and control of modal content [5] [6] [7] . These research led activities have so far required only short lengths of fiber, typically less or around the km scale. More recently, driven by acute interest in low-latency data-center applications, a demand for multi-kilometer lengths of HC-PBGFs has arisen, culminating in the fabrication of 2.75 km, 3.8 km and very recently 11 km single spans of fibers through which data was successfully transmitted [8] [9] [10] . Regardless of the application, whether it is for meter long devices, for intra or inter data center data transmission, or for longer haul telecoms, these yields of a few kilometer per preform are still orders of magnitude shorter than those achieved for state-of-the-art conventional fibers. For the HC-PBGF technology to stand a chance to impact large volume markets, large quantities of fibers need to be produced at high speed to lower the production costs.
However, the fabrication of HC-PBGF has been limited so far to research-scale environments that use short drawing towers and small bore furnaces, and little is known about the viability and methodology to produce lengths of fibers of the order of hundreds of kilometers from a single preform. In contrast, the fabrication of long lengths of solid fibers has been studied and optimized for decades [11] [12] [13] and modern production rates are now in excess of 1.5 km/min, with single preforms able to produce over 1000 km of fiber [13] . While some of the challenges involved in drawing solid and hollow core fibers are similar, the precise control of the internal microstructure in HC-PBGFs poses new challenges which are not present in solid fiber manufacture.
In this paper we use a recently introduced fluid dynamics model to simulate the draw of the same target HC-PBGF from a set of structurally identical holey preforms, homothetically scaled to produce fiber yields ranging from 5 to 500 km per preform. We will first briefly summarize the numerical model we use, then describe the preforms and fibers that will be simulated, and finally identify the physical changes, fluid dynamics-driven, that pose an upper bound to the longest length of good fiber that can be achieved from a single preform. We will conclude by proposing ways to push back those limitations through improvements in preform or fiber design and draw processes. This work builds on a preliminary investigation presented in [14] .
Numerical model
The MicroStructure Element Method (MSEM) [15] is a numerical fluid dynamics based model that solves the 2D fiber cross-section geometry over the draw. The MSEM is much quicker than finite element methods because it does not resolve the finest features, instead the microstructure is discretized into a network of struts and nodes. Forces of gas pressure, surface tension and viscosity are found on each of those struts and the scheme evolves the position of the nodes to find an equilibrium at each longitudinal position along the neck of the preform inside the furnace. For any given set of drawing parameters (feed speed, draw speed, furnace profile and peak temperature) the shape and temperature profile of the outer glass jacket is solved using a model from Fitt et al. [16] : these are used as the external boundary conditions that drive the evolution of the inner microstructure.
The production of HC-PBGF differs from solid fibers in several ways, the most important being the split of the draw in two stages and the need to apply gas pressure during the second stage draw to prevent hole collapse, Fig. 1 . Two gas pressures, independently controlling the core and the whole of the cladding, are typically required in order to oppose surface tension and achieve the desired structure. It is this fundamental difference and the associated draw dynamics that makes upscaling these fibers a more challenging task than for all solid fibers.
Volume upscaling
In this section we select a target fiber and launch a series of MSEM simulations to study the problems that might arise when the yield of the preform is increased. We use a range of geometrically similar preforms with the same length (1 m) but different cross-sectional scale to target a fiber with the same cross-section but in lengths ranging from 5 km to 500 km, Table 1 . The cladding pitch and thickness in the preforms were chosen so that each fiber had the same unit cell area in the cladding, and since they all have the same ID and OD they therefore have the same nominal strut thickness. The same feed speed is used, requiring the same total draw time for all fibers but with draw speeds that increase linearly with yield. Of all the possible target fibers we chose to simulate a HC-PBGF that has recently been produced in a record long length of 11 km [10], Fig. 2(a) . Whilst the loss of the fiber (≈5 dB/km) is not the lowest ever reported for these structures, and over one order of magnitude higher than what simulations indicate could be reasonably achievable with improved designs, we believe the conclusions of the study are quite general and could be applied to any other low loss structures as well. The target fiber has 5 rings of capillaries around a core of 19 excluded cells (5 missing capillaries along the diameter). Each fiber is drawn to an outer diameter (OD) of 173 µm and an inner diameter (ID) of the solid jacket of 87 µm, with a targeted average pitch of 5.8µm and a cell diameter to pitch ratio of d/Λ = 0.99 (as in the fabricated fiber), producing fibers guiding at telecoms wavelengths (between 1200 and 1600 nm). The feed speed is 1.5 mm/s. Setting a target OD and ID uniquely identifies for each fiber the required draw speed, u d , and cladding pressure, P cladding (the cladding pressure is dependent on the draw tension). For any given draw the only remaining control parameters are the furnace peak temperature and the relative core pressure, ∆P core = P core − P cladding ; these two parameters are adjusted to target a draw tension of 400g and (when possible) a core size of 1/3 of the cladding diameter, respectively. The chosen draw tension produces the same stress as a solid fiber of 125µm OD drawn at 280g, which is a little higher but not too dissimilar from modern production draws of solid fibers which use tensions ranging from 100g to 250g (simulated production scale value calculated on uncoated fiber [12] , and production scale experimental value measured on coated fiber [13] respectively). The design considered here is based on a stack and draw of circular tubes producing a hexagonal lattice, other band-gap designs can be made using a square or triangular lattice. The dynamics of such designs will not be considered here, although we expect them to behave in a similar way as they are all made up from a lattice of small cladding holes and a larger core hole. Alternatives to stack and draw include extrusion, or drilling; regardless of how the preform is produced, however, all preforms are drawn to fiber in a similar way and will encounter the same dynamics as are considered here. Table 1 shows the dimension and draw speed of the 12 preforms studied, while Fig. 2 shows the final structures of the simulated fibers drawn from 6 of the preforms defined in Table 1 . For the fiber yields up to 50 km the target core size can be obtained, Fig. 2(b)-2(d) . For >50 km yield the simulations indicate that the core would tend to collapse at mid-furnace, causing aborted draws. Increasing the core pressure can avoid this, but it results in larger cores and non-uniform cladding. Figure 2 (e)-2(g) shows the smallest core we could achieve for the same targeted ID and OD for fiber yields of 100, 200 and 500 km. For the 100 km fiber the distortion (larger corner holes and overall core) is already evident although somewhat controlled Fig. 2(e) ; beyond, 200 km Fig. 2 (f) and 500 km fiber Fig. 2(g ), it becomes extremely severe.
To describe key parts of the fiber structure we define two metrics: core size as a ratio of core radius to cladding radius φ c = r core /r cladding , and core node uniformity defined as φ n = 1 − [max(l) − min(l)]/max(l) where l is the distance between neighboring nodes around the core. Figure 3 shows the core size and uniformity of the core region for each of the yields from Table 1 . The yields <60 km show a high level of uniformity and the ability to control the core at the targeted 33%, while beyond that the core size increases and the core node uniformity drops. It has been already shown that a high core node uniformity is key to minimize the field overlap with the membranes and thus to reduce the surface scattering loss in the fiber [17]; a larger core size is expected to slightly reduce the surface scattering loss, however, it can also lead to a dramatic increase in confinement loss due to the compression of the holey cladding around the core. Figure 3 reports both of these loss components for each of the simulated fibers, obtained through finite element method (FEM) simulations of the structures obtained by the MSEM. The procedure to assign a suitable mass to the nodes can be found in [18] . It is clear that when the target core size is reached and the uniformity is reasonable the losses stay low (≈3-4 dB/km), with a slight decrease at the highest core node uniformity. As the uniformity drops and the core size increases both the scattering and confinement losses increase. For yields >200 km the confinement loss dominates and the loss rapidly increases.
This exploration of longer yield draws has thus revealed a limiting issue; namely, it is difficult to maintain a small core size as the preform is enlarged. In the following sections we will explain how draw tension can be managed when increasing the preform size, how the dynamics of pressure and surface tension change the core size during the draw-down and how the relationship between the two changes depending on the preform size.
Upscaling challenge 1: managing draw stress
In this section we describe the changes required to the draw parameters in order to draw all the preform sizes with the same draw stress. We consider draw stress here, rather than draw tension, to extend generality to fibers of different sizes. The draw tension is sampled only at the end of the neckdown where the fiber dimensions are close to convergence and the draw stress is highest. We will show here that higher draw stresses produce more uniform structures, however, if the stress is too high one increases the chance of fiber breaks during the draw; we therefore use a high, yet practical, draw stress value (222 MPa). To relate the draw parameters to the draw stress let us first consider the draw speed which can be determined from mass continuity, given by Eq. (1);
where R 1 and R 2 are the inner and outer radii of the jacket glass in the preform, and r for the fiber, u f is the feed speed of the preform into the furnace, and u d is fiber draw speed. It is obvious from Eq. (1) that larger preforms, R, fed at the same rate, u f , which target the same final fiber, r, will require faster draw speeds, u d . Now consider the longitudinal draw stress, given by Eq. (2); here, for simplicity, we consider only the dominant viscous contribution, a more complete expression for draw stress including gravitational, inertial and surface tension terms can be found, for example, in [11] .
Where µ is the viscosity of the glass, u is the longitudinal velocity and z is the spatial coordinate in the longitudinal direction. The larger preforms require greater draw speeds, this results in a larger du/dz. From Eq. (2) an increase in du/dz increases the draw stress, but too high a draw stress leads to an increased likelihood of fiber breaks; thus steps must be taken to maintain the draw stress at a safe level. Considering Eq. (2), and continuing to target the same fiber, one has several options to draw larger preform sizes at the same draw stresses. One could reduce the feed speed, thereby reducing du, but while this is possible it is counterproductive as this will slow the rate of fiber production. Two alternative strategies remain:
1. Increase the temperature, to reduce the viscosity, µ.
Increase the length of the hot zone, increase dz.
To quantify the impact that changing these two parameters has on the draw tension we simulated more than a hundred fiber draws in a 2D parameter sweep that covered a range of furnace lengths from 5 to 50 cm and furnace peak temperatures spanning 250 • C, with all other critical parameters (OD, ID, u f , u d ) fixed (∆P core does not effect the draw stress of the fiber but must be changed for each tension to achieve the desired core size -discussed in Section 3.2). The resultant draw tension is shown in Fig. 4 , where one can see that increasing the furnace length from 5 to 50 cm allows a reduction in peak temperature of ≈150
• C, for the same draw tension. Several fibers along each of the 200g, 400g and 800g iso-tension lines were isolated and their microstructures examined: all structures on the same iso-tension line were found to be identical to the example structures in Fig. 4 . Two similar studies conducted by changing feed speed with peak temperature, and considering uniform and Gaussian temperature profiles (results not included here) reached the same conclusion: in HC-PBGF draws the draw tension is the main control parameter for the microstructure. The same fibers can be obtained at a different peak temperature, furnace profile and/or feed speed, provided that the tension is maintained constant. This reflects the results of Chen and Birks [19] who found that tension was the driving parameter in their analytical and experimental study using only isolated holes in a drawn rod of glass, and the purely analytical study by Stokes et al. [20] for any arbitrary cross section. A different, but not unrelated, experimental study [21] found a similar conclusion for solid fibers, where the residual stress profiles are only dependent on draw tension rather than draw speed or temperature. Figure 4 shows simulation results of the 100 km fiber drawn at 3 tensions, core collapse mid-draw prevented the 100km fiber from being drawn with the target core size at 400g but clearly a tension of 800g allows the 100 km yield fiber to achieve the desired core size; when the tension is lowered to 200g the distortion is much more severe. It is desirable to draw at the highest tension possible as drawing at a higher tension allows for a more uniform structure.
The primary focus of this work is the structural impact of the thermodynamic parameters on the hollow microstructure, however, studies of solid fibers reveal additional considerations regarding the temperature and tension of the draw: fiber strength in service is drastically reduced if fiber is drawn at too high a tension [22, 23] while lower drawing temperatures have been shown to reduce the Rayleigh scattering coefficient [11, 24] .
In conclusion we have shown that higher draw stress allows for more uniform structures to be drawn, but this is constrained by the increased likelihood of fiber breaks at high stress. When increasing the preform size the draw tension, Eq. (2), can be kept constant by increasing the furnace length or peak furnace temperature (between the lower and upper limits of the softening and boiling point of silica). Regardless of how the furnace is changed if the tension is the same the microstructure of the final fiber will be the same.
Upscaling challenge 2: managing core size
During the draw of a simple glass tube the surface tension acting on the inner surface will generate a pressure on the surface, P st , given by Eq. (3), which will tend to collapse it; to prevent hole collapse a positive gas pressure in the tube must be applied.
where γ is the surface tension property of the material and R hole is the radius of the hole. In HCPBGFs the relationship is similar but since these fibers contain hundreds of holes, each hole will have a surface tension pressure acting on it. The equal sized cladding holes and the larger core hole behave rather differently, each being subject to a different surface tension: the one associated with the core radius would cause the core to contract, if not counterbalanced by the stronger one associated with the cladding hole radii, which causes each of the cladding holes to collapse, and as a result the core to expand. The difference in radii of these two groups is such that to maintain the core ratio of the original preform a larger gas pressure must be applied to the cladding holes, and a smaller gas pressure must be applied to the core. To achieve a certain fiber ID one must apply a specific cladding pressure P cladding ; the core size is therefore controlled by the difference between the core and cladding pressures defined as ∆P core = P core − P cladding , where a larger ∆P core results in a larger core. During the draw the cross-sectional geometry undergoes a dramatic reduction in size. The pressure due to surface tension is a function of 1/R hole , Eq. (3), and increases as the hole becomes smaller. However, the applied gas pressure, ∆P core , is constant (to first approximation) and acts equally throughout the neck-down. As the fiber is drawn down the difference between P st and ∆P core will therefore change. Typically, at the start of the draw the applied differential gas pressure is of greater magnitude than the surface tension, this forces the core to contract relative to the surrounding microstructure, Fig. 5 . Then, as the fiber is drawn down and the whole structure becomes smaller, the surface tension contribution increases and eventually becomes larger than the gas pressure, causing the core to enlarge again. Choosing the correct gas pressure allows the final fiber core to reach the desired size, Fig. 5 . However, in order to keep the draw tension constant (close to the maximum possible value to avoid breaks), as the preform size is increased measures are taken (e.g. reducing viscosity) that cause the radial stiffness of the microstructure to decrease. This in turn allows the surface tension to impact greater changes in the latter half of the draw, resulting in a larger core in the final fiber, Fig. 6 . To counter the increased core size the core gas pressure must be lowered. In the cases we examined, this became a limiting factor for the 60 km fiber and above. We observed that if the core contracted beyond a certain point (≈8% of the cladding radius) the structure could not recover due to some of the core surrounding nodes coalescing together. Therefore, in order to successfully draw the >60 km fibers we had to apply less core pressure, producing fibers with a core that was larger than the target, with consequent structural distortions that led to a higher overall loss, see the three longest yields in Fig. 6 and the loss in Fig. 3 . Note that in our numerical model core collapse makes convergence very difficult because components of the geometry become singular; this is equivalent to behaviour in experimental draws in which the core can become misshapen or elliptical and nodes can coalesce, disrupting the periodicity of the structure and greatly increasing the loss.
The 500 km case displays an additional distortion dynamic in the core-surrounding cells, occuring before the minimum contraction point. Figure 7 shows that there is a rapid change in size of the core strut associated with the corner holes. The surface tension and core pressure are not aligned, which causes the stretching of the strut. For the lower yields this change is countered by the viscous force before large non-uniformities can occur. But the measures taken to maintain 'safe' draw tension in the 500 km yield fiber cause the viscous resistance of that strut to be insufficient to prevent this distortion. This occurs before the point of minimum contraction highlighted by Fig. 6 . We believe this distortion mechanism is always present, to some degree, in all the draws performed here and is responsible for the variation in node spacing around the core. However, it becomes strikingly evident only in the most extreme cases.
Conclusion
We have used fiber draw simulations to investigate for the first time how to increase the yield of HC-PBGFs from the several km lengths currently produced in the laboratory to the much longer lengths required for mass producing such fibers, and we have highlighted the problems, unique to this fiber technology, that one would encounter and would need to address. For the preform design investigated here, corresponding to a fabricated fiber of ≈11 km, we have found that for up to 60 km no substantial modifications to the current draw process would be required; the 100 km yield however already has some distortion leading to loss increase, while beyond that the distortions are severe. To increase the yield further beyond this point several strategies are possible: longer preforms (2-3 m is not uncommon in the commercial setting) will give a proportional increase in yield but no increase in production rate (though this will reduce the time spent swapping out preforms and setting up the draw). Additionally, use of a higher draw tension or microstructure stiffness can make longer yields achievable before the core-size issues identified here occur. A possible way to stiffen the microstructure (without changing the draw stress) is to increase the relative strut thickness in the preform and in the targeted final fiber, at the cost of decreasing the air filling fraction and consequently altering the final optical properties of the fiber. Finally, in addition to all these strategies, selective cell pressurization can also be applied to prevent some core surround holes from becoming too large or too small. While this would not directly prevent the core from becoming too large, it could improve uniformity in the core surround and thus reduce the loss. By combining all these strategies, we believe that final fiber yields in the range of 300-500 km per preform should ultimately be a realistic target.
This work has also furthered the understanding of the draw dynamics of hollow core microstructured fibers. We have found that draw tension is the driving parameter controlling the microstructure, rather than peak temperature, furnace profile or preform feed rate -which, from a structural point of view, are all equivalent. We have identified changes in the ratio between surface tension and gas pressure at different points during the neck-down resulting in an initial contraction and then expansion of the core, and that this contraction presents a limit to the minimum achievable core size. We have also highlighted a second type of distortion that becomes dominant in the longest yield fibers, but which is present in all, and is associated with the large corner holes observed in many reported fibers. The draw simulations performed in this study all produce fiber with the same dimensions, however, the analysis of Sections 3.1 and 3.2 are generalizable to all fiber dimensions and materials. We believe the study shines new light into the drawing dynamics of HC-PBGFs and it can prove a valuable contribution to the development of longer yield fibers.
